
txD-~A2-9, 8042-

!" ,MGT OF CODE AUMGMENTATION, ORL
f~~~ AllNOIH I PRODUCED

A" ATME INTEGRATING," COMMEATOR.

WN lio~imeau

WN C~; RESEARCH: ESTABLISRMENT1' OTTWAII
WGHNICA NOTE .92-11

j 993 r.0 -j



Aa.e~s1e 7wP _

N T IS 41a"

*ubormt Jdbi nw t f te t I o
U 'I* Defence nationals

By
DistrIbmtiwn/
Availability Code _

I- __ Tijali and/aor
ýDist special

DTIC QUAjry IMM CM, 8

EFFECT OF CODE AUGMENTATION OR
TRUNCATION ON THE SIGNALS PRODUCED

.BY A TIME-INTEGRATING CORRELATOR

by

N. Bromeam
Communications Electroic Waifae Section

Electnic Warfare Division

DEFENCE RESEARCH ESTABLISHMENT OTTAWA
TECHNICAL NOTE 92-11

PCN October 1992
041 LQ1 Ottawa



ABSTRACT

The purpose of this study is to analyse the characteristics
of the signals produced by a time-integrating correlator when
processing augmented or truncated codes. It deals specifically
with the description of the peak trains generated by either the
autocorrelation of the modified code, the cross-correlation of
the modified code with the original code or the cross-correlation
of the modified code with a test code of the same length. It is
demonstrated that the complex peak patterns thus generated
contain information about the modification of the code and that
it is possible to retrieve that information by applying specific
processing methods. Four processing methods are proposed. The
first method extracts information from the peak patterns
generated by the autocorrelation of the modified signal. The
second method uses the cross-correlation of the modified signal
with the original signal while the third method deals with the
cross-correlation of the modified code with a test code that has
the same length as the modified code. The fourth method allows
the determination of the initial fill of truncated codes when the
signal-to-noise ratio is sufficiently good.

RtSUMt

Le but de cette 6tude est d'analyser les caract6ristiques
des signaux produits par un corrdlateur & integration temporelle
lors du traitement de codes augmentds ou tronques. On y decrit
des trains de pics produits par l'autocorr~lation du code
modifid, l'intercorrdlation du code modifid avec le code original
ou l'intercorrdlation du code modifid avec un code-test de la
m~me longueur que le code modifid. On d~montre que les patrons
de pics, parfois fort complexes, ainsi gdndrds, contiennent de
11information sur la modification du code et qu'il est possible
d'extraire cette information par l'application de methodes de
traitement approprides. Quatre m~thodes de traitement sont
proposdes. La premi~re m~thode extrait 1'information des patrons
de pics gdndrds par l'autocorrdlation du code modifid. La
deuxi&me m~thode utilise l'intercorrdlation du signal modifid
avec le signal original alors que la troisibme methode exploite
l'intercorr6lation du signal modifie avec un code-test qui a la
mime longueur que le code modifid. La quatribme m~thode permet
de d~terminer le point de d~part du code tronque lorsque le
rapport signal sur bruit est suffisamment bon.
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EXECUTIVE SUMMARY

This study demonstrates that the complex peak patterns
generated by the correlation of truncated or augmented codes
contains information about the modification of the code and that
it is possible to retrieve that information by applying specific
processing methods. Four processing methods are proposed. The
first method extracts information from the peak patterns
generated by the autocorrelation of the modified signal. The
second method uses the cross-correlation of the modified signal
with the original signal while the third method deals with the
cross-correlation of the modified code with a test code that has
the same length as the modified code. The fourth method allows
the determination of the initial fill of truncated codes when the
signal-to-noise ratio is sufficiently good.
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1.0 INTRODUCTION

Time-Integrating Correlators (TICs) are analog optical
computers designed to produce the correlation of two signals.
They are characterized by a variable integration time T and by
time-delay windows that permit the observation of the correlation
peak over a large range of relative time-shifts of the input
signals. The correlation is implemented by imaging two
counterpropagating signals on a detector array. The many ways to
build time-integrating correlators and the factors having an
influence on their performance are well documented [1-15] and are
not discussed here.

The purpose of this study is to analyse the
characteristics of the signals produced by a TIC processing
augmented or truncated codes. It is demonstrated that it is
possible to undertake to reverse the process: i.e. to determine
the characteristics of a modified code from the features of the
observed output of the correlator. The conditions of operation
that make possible the extraction of that information are
determined. Augmentation and two different types of truncation
will be considered.

Previous studies [16] have analysed partial
autocorrelation noise of some truncated codes of a specific
length. Our study deals specifically with the description of the
peak trains generated by either the autocorrelation of the
modified code, the cross-correlation of the modified code with
the original code or the cross-correlation of the modified code
with a test code of the same length. Only the main correlation
peaks are considered and binary maximum-length sequences are
employed.

2.0 FORMAT OF THE FIGURES

If it was possible to check the status of the data
produced by the detector array of a TIC without actually
triggering the read-out and interrupting the correlation peak
build-up process, complex and time-varying peak patterns would be
observed, in most cases, when modified codes are used as inputs.
The peaks would be seen to appear and grow to some maximum
amplitude, then stop growing and sometimes, resume growth after a
period of time. Peak formation at different locations would
start and end at different times in the time-delay window of the
correlator.

Figures 1, 3, 5, 7, 9, 12, 14, 16, 18, 20 22, 24 and 26
of this study describe the successive formation of peaks as it
would be observed if it were possible to monitor the peak
formation process on the detector array during a long integration
time. Cross-correlation noise has not been taken into account;
only the main correlation peaks are represented. The peak trains
produced by the correlation process are illustrated using the
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same format for all cases covered in this study. As a typical
example, Figure 1 uses the first two rows to illustrate the
relative position, at a particular time t=O, of the codes that
are correlated. Various segments of the signals have been
identified with letters to facilitate the discussion. The code
in row I is always the modified code, auqmented or truncated, and
the names of its segments are denoted with a "I" such as S' 1 .
The code of row I is propagating from right to left at a velocity
v that is a characteristic of the Bragg cells used to build the
correlator. The integration by the detector array starts at t=O.

The code in row II is the other code used to perform the
correlation. That code moves from the left to the right, also at
a velocity v. Its various segments have also been identified
with letters. For the autocorrelations, it is the same signal as
in row I. For the cross-correlations it is either the original
code from which the modified codes are derived, with the same or
a different initial fill, or a test code of the same length as
the modified code; this test code consists of the original
signal, either truncated or augmented by an appropriate amount,
with the same or a different initial fill. Each particular case
is defined in the caption of the figures.

The signal of row III illustrates a particular train of
peaks that has been formed on the detector array by the
correlation of one segment of the code of row II with some of the
segments of the code of row I. The two particular segments
responsible for the formation of each peak are indicated below
the peak. For a particular row, the peaks have been selected in
such a way as to produce peaks of similar origin which require
the same integration time to build. Correlation peaks are located
at the meeting point of two identical counterpropagating segments
in rows I and II. The time at which the formation of a
particular peak begins depends on the time at which the two
particular segments reach the meeting point. It is determined by
the propagation time between the position of the segments at t=O
and the meeting point.

All the peaks are labelled in a similar way. The
starting time of the formation of the peaks is indicated at the
top of each peak. The time it takes to build-up the peak of
maximum amplitude is indicated at the left with the row number.
The different heights associated with particular peak trains are
roughly adjusted to illustrate the formation of tall or short
peaks but they are not drawn to scale. A number to the right of
each peak is used to identify the peak and also indicates the
order of the beginning of the formation of the peak within the
time-delay window indicated by a set of two vertical lines.
Peaks from different types of trains are labelled with a f"' or a
""" to facilitate the discussion. Tables containing the
parameters of the peak formation are included for each case.
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It has to be understood that although the detector array
starts to integrate at t=0, most of the peaks begin formation at
other times, either before or after t=0, when the signals in row
I and row II become appropriately positioned. Similarly to the
peaks of row III, the signals from other rows are produced by
some other segments of row II correlated with many other segments
of row I.

Figures 2, 4, 6, 8, 10, 13, 15, 17, 19, 21,23 25 and 27
illustrate the peak build-up process in the time-delay window as
a function of time. Each row illustrates the peaks that would
have been recorded on the detector array if the integration time
had started at t=O and ended at the time associated with the row.
The identification number to the right of each peak refers to the
peak of the previous figure designated by the same number. For
example, if a peak is designated as 1+3, it means that it is
formed by the addition of the energy contained in peai number 1
and peak number 3 (see Figures 1 and 2 and Table 1). This
particular method of examining the phenomenon emphasizes the
evolution of the peak building process whereby peaks are
generated at different locations while sometimes stopping growth
for a while and then resuming growth later. The particular times
which were selected to illustrate the status of the peak patterns
are chosen to correspond to times when changes occur, such as the
end or the beginning of the formation of a specific peak. The
relative height of the peaks depends linearly on the duration of
the interaction between the segments responsible for its
formation, since the beginning of the integration at t=0.

The distance between the peaks in a particular train is
expressed in term of time. It has the advantage of referring
directly to the formation process of the peaks that is controlled
by the counterpropagation at a velocity v of the two signals in
the Bragg cells. If desired, distance could be calculated by
multiplying the time by the velocity v of propagation of the
signals in the Bragg cells.

Generally speaking, an analysis of the phenomena involved
in peak formation leads to the conclusion that the observed peak
pattern is the result of the interleaving of shifted peak trains.
The period of the trains usually depends on the length of the
modified code illustrated in row I. The shifts between the
different peak trains depend on the size of the augmentation or
truncation of the modified code and the amplitude of the peaks
depends on the duration of the interaction between the segments
generating the peaks and on the synchronization, between the
integration periods and the peak formation process.

-4-
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TABLE 1: Parameters of the Peak Formation Process of
Figures 1, 2, 3 and 4 with P=6 and p=2

Peak Number beginning of duration end of formation
formation on
the detector

1 0 P+p=4 (P+p)/2=4

2 0 P+p=8 P+p=8

3 (P+p)/2=4 P+p=8 3(P+p)/2=12

4 P+p=8 P+p=8 2(P+p)=16

5 3(P+p)/2=12 P+p=8 5(P+p)/2=20

3.0 CODE AUGMENTATION

Let us consider an original code AB with a duration P=6
that is augmented by a segment BC (see Figure 1) of duration p=2.
The segment BC is not a part of the segment AB. The duration of
the augmented code ABC is then P+p=8. The various correlations
for this augmented code will now be examined.

3.1 Autocorrelation

3.1.1 No Data

The autocorrelation of the augmented code is
characterized by a peak train where the peaks accumulate energy
continuously during the integration time. The period of the
train is the length of the augmented code divided by two, that is
(P+p)/2=4, and all the peaks have the same amplitude.

For example, peak #1 illustrated in row III is formed by
the interaction of segment S.1 and Si' between t=-(P+p)/2=-4 and
t=(P+p)/2=4 (see Figure 1 and Table 1). As the detector starts
integrating at t=0, peak #1 will contribute energy only between
t=0 and t=(P+p)/2=4.

The train of peaks illustrated in row IV is formed by the
correlation of the segment S.1 of row II with the segments S1',
S' 1and S3

t of row I. The correlation peaks are separated by a
distance (P+p)/2=4 corresponding to half the duration of the code
ABC. Similarly, the train illustrated in row V is formed by the
correlation of the segment S2' of row II with the segments SI',
S21 and S3' of row I. It is very similar to the train of row IV.
The spacing and location of the peaks are the same although the
peaks are not formed at the same time.

-6-



Let us now examine in Figure 2 the chronology of the
events occurring in the time-delay window of duration P+p
illustrated in Figure 1. The limits of the time-delay window are
indicated by two vertical lines across the Figures 1 and 2. The
build-up time of all peaks is P+p=8. At t=O, the segments S-1
and S 1 'are half way through their interaction time and start to
contribute energy to a peak as soon as the detector starts to
integrate. Simultaneously, peak #2 starts to build-up at t=O and
stops at t=P+p=8. Peak #4 starts formation immediately
thereafter, at the same location as peak #2. At t=(P+p)/2=4,
peak #3 starts build-up and stops accumulating energy at
t=3(P+p)/2=12. The formation of peak #5, at the same location as
peak #3, starts at the moment when energy stops accumulating in
peak #3. If a long integration time is used, the accumulation of
energy in the various peaks will happen according to the
following pattern (see Figure 2 and Table 1). Peak #2 is formed,
and then, without interruption, energy continues to accumulates
in peak #4 at the same location. A similar sequence of events
occurs for peaks #1, #3 and #5. The final read-out from the
detector array contains two peaks whose heights depends linearly
on the integration time. The integration time Ti should be
selected such that detectable peaks occur, taking into account
the signal-to-noise ratio (S/N) of the input.

3.1.2 With Data

The autocorrelation of the augmented code ABC produces a
very different output when data is added to the code. The
autocorrelation pattern is characterized by the presence of a
single peak at the meeting point of the two codes. The peaks
that could be formed at other locations are removed by successive
intervals of peak build-up and decay associated with the presence
of data; this tends to produce very little observable output.

The situation is illustrated in Figure 3 where the data
is indicated by + and - signs at regular intervals along the code
on rows I and II and, for the sake of discussion, the data
duration was set to be (P+p)/4=2, one-fourth of the augmented
code duration. The peak trains of rows III, IV and V are
identical to the trains of Figure 1 except for one important
difference. If the data is balanced, i.e. contains about the
same number of + and -, then most of the peaks will have a null
average amplitude; this occurs because about half of the
contributions to a particular peak will be positive and the other
half negative, thus cancelling each other. Those 'data
destroyed' peaks are drawn with dashed lines. A positive
build-up happens only at the meeting point of the two codes being
autocorrelated and only one peak will be observed on the detector
array.

The sequence of formation of the correlation peaks is
illustrated in Figure 4 at different times that are an integer

- 7 -
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multiple of the data duration, (P+p)/4=2. The peak located to
the left of the time-delay window at the meeting point of the two
signals being correlated experiences a steady growth. The
situation is quite different for the peaks to the right of the
time-delay window that are generated first, by the correlation of
S.I of row II and Si' of row I. The accumulation of energy at that
location begins when the detector array starts integrating at
t=O. A negative peak is built up between t=O and t=(P+p)/2=4.
Then, the positive contribution from the beginning of the
interaction of the segment S1 of row II with the segment S2' from
row I , between t=(P+p)/2=4 and t=3(P+p)/4=6, partially destroys
the peak previously generated . Another negative contribution
follows between t=3(P+p)/4=6 and t=P+p=8. That contribution is
destroyed by the positive contribution between t=P+p=8 and
t=3(P+p)/2=12 and no energy is left in the peak at t=3(P+p)/2=12.

From the previous example, it can be concluded that with
data present, it is difficult to draw information from the
autocorrelation of the code because most of the elements of the
trains of peaks are destroyed by the data. The same statement
applies to the correlation of a modified code carrying data with
the original code or with a test code that does not carry data.

An exception arises if the integration time necessary to
produce detectable peaks is shorter than the data duration. In
that case, the build-up of multiple peaks is possible because,
most of the time, the integration interval does not contain a
data transition. To ensure that at least one good frame
containing two detectable peaks is collected, the integration
time used to produce a detectable frame, T,, has to be smaller
than the time between data transitions Dt d. ded by two, T,<Dt/2.

Even then, some frames will contain data transitions and
the synchronization between the integration interval and the data
will determine the height of the peak that will be obtained in
that case. It is then a prudent practice to examine many frames
to make sure that the presence of a periodic peak structure is
not missed due to a data transition occurring in some of the
frames.

3.2 Cross-Correlation with the Original Code

In this section, the cross-correlation of the augmented
code with the original code is analysed for two different cases.
In the first case, the original code has the same initial fill as
the augmented code. In the second case, the initial fills are
different.

- 10 -



3.2.1 With the Same Initial Fill

The cross-correlation of the augmented code with the
original code having the same initial fill is illustrated in
Figure 5 and Table 2. It is characterized by the formation of
shifted peak trains where each peak benefits from a relatively
short build-up time that is equal to the duration of the original
code. All the peaks have the same height except for those whose
formation interval includes the beginning or the end of the
integration period.

Rows I and II contain repetitions of the augmented code
and of the original code, respectively. Row III illustrates the
train of peaks formed by the correlation of the segment SI of row
II with the segments S', S2', S3' etc. of the augmented code in
row I. The peaks of row III accumulate energy during a time P=-6
and have a period of (P+p)/2=4. The train illustrated in row IV
has been generated by the correlation of the segment S2 of row II
with the segments $I', S2' and S3 ' of row I. The peaks have the
same build-up time and the same period as the train of row III.
However, the train of row IV is shifted by an amount p/2=l
relative to the train of row III. The size of the shift
corresponds to the duration of the augmentation segment divided
by two. The train of peaks of row V has similar properties and
is characterized by a shift of p/2=1 relative to the train of row
IV.

Let us consider the chronology of the events that take
place in the time-delay window of width P+p=8 limited by the
vertical lines in Figures 5 and 6. Peaks #1 and #2 of rows III
and IV are first formed. Then peaks #3, #4 and #5 of rows III,
IV and V, respectively, and finally, peaks #6 and #7 from rows IV
and V are formed. The resulting peak pattern is made up of
shifted peak trains.

The size of the augmentation can be deduced from the size
of the shift between different peak trains. The longer the
integration time Ti, the more trains will be formed and
interleaved on the detector array. All the correlation peaks
will have the same height except for those whose formation
interval includes the beginning or the end of the integration.
The affected peaks will not benefit from their maximum build-up
time and they will have an amplitude proportional to the fraction
of the build-up time within the integration time. In order to
recognize the pattern of interleaved peaks, the integration time
should be long enough to allow the formation of two maximum
height peaks from two successive trains . The time interval
between the beginning of formation of peak #1 and the end of
formation of peak #4 is (4P+p)/2. We have to add another
integration interval P to the total time involved in the
formation of the first four peaks required to allow the formation
of full height peaks. A total integration time of (6P+p)/2 is
required.
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TABLE 2: Parameters of the Peak Formation Process of
Figures 5 and 6 with P=6 and p=2

Peak Number beginning of duration end of formation
formation on
the detector

1 0 P=6 P=6

2 P/2=3 P=6 3P/2=9

3 (P+p)/2=4 P=6 (3P+p)/2=10

4 (2P+p)/2=7 P=6 (4P+p)/2=13

5 (3P+2p)/2=l0 P=6 (5P+p)/2=l6

6 (3P+2p)/2=11 P=6 (5P+2p)/2=17

7 (4P+2p)/2=14 P=6 (6P+2p)/2=20

However, each peak accumulates energy only during a time
P and the gain produced by this integration period will set the
limitation on the S/N above which it is possible to perform the
analysis.

If it is desired to increase the gain by superimposing
peak trains with longer integration time, random bits could be
added to the original code. Using a number of bits corresponding
to the augmentation length removes the drift between the trains
and allows longer integration times and a correspondingly
increased gain.

3.2.2 With Different Initial Fills

The case of the cross-correlation of an augmented code
with an original code having different initial fills is
particularly interesting. Trains of tall and short peaks are
generated and they add up to produce an output very similar to
what is obtained when the initial fills are identical.

Let us consider the sequence of events occurring in the
time-delay window whose limits are indicated by the two vertical
lines on Figures 7 and 8. Peak #1 appears first (see Table 3).
It is formed from the cross-correlation of the segment S1 of row
II with the segment S1' of row I. Its formation starts at t=O
and ends at t=d=3. On the right side of the time-delay window,
peak #2 is formed from the cross-correlation of the segment S-1
of row II with the segment S2' of row I. Its formation starts at
t=(d+p-D)/2=.5 and ends at t=(d+p+D)/2=4.5 . At the same moment
that the build-up of energy stops in peak #2, it starts in peak
#4. Peak #4 is at the same location as peak #2 and originates
from the cross-correlation of segment S1 from row II with segment
S3' from row I. The formation of peak #4 will end at
t=(p+2d+2D)/2=8. Peak #2 and peak #4 originate from segments of
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the original code that have been shuffled by using a different
initial fill and they cannot be distinguished from each other.
Similar results can be found for the peak pairs 3-5 and 6-7. In
practice, the cross-correlation of an augmented code with the
original code produces peak patterns that are independent of the
initial fill used. The chronology of peak formation is
illustrated in Figure 8 and it can be observed that the resulting
signals are indistinguishable from what is obtained when the same
initial fill is used. The period of the trains, in both cases,
is determined by the total length of the augmented code. The
shift between the trains depends on the length of the
augmentation and the total build-up time is equal to the duration
of the original code.

TABLE 3: Parameters of the Peak Formation Process of
Figures 7 and 8 with P=7, p=2, D=4 and d=3

Peak Number beginning of duration end of
formation on the formation
detector

1 0 d=3 d=3

2 (d+p-D)/2=.5 D=4 (d+p+D)/2=4.5

3 (p+2d)/2=4 D=4 (p+2d+2D)/2=8

4 (D+p+d)/2=4.5 d=3 (D+p+3d)/2=7.5

5 (p+2d+2D)/2=8 d=3 (p+4d+2D)/2=ll

6 (3d+2p+D)/2=8.5 D=4 (3d+2p+3D)/2=12.5

7 (3d+2d+3D)/2=12.5 d=3 (5d+2p+3D)/2=15.5

The integration time Ti that allows the formation of two
maximum height peaks from two successive trains and thus to
recognize the pattern of interleaved peaks is Ti>(3d+4p+3D)/2.

3.3 Cross-Correlation with a Test Code

3.3.1 With the Same Initial Fill

Let us define the test code associated with an augmented
code as the code made up of the concatenation of the original
code with a random sequence of bits having the same length as the
augmentation. If the initial fills of the augmented code and of
the test code are the same, the segments AX and XB of the test
code are contiguous. Only one train of peaks is formed and the
peak pattern is the same as for the autocorrelation except that
the peaks are easier to detect because the test code does not
contain any noise. For a given S/N of the augmented code, the
integration time T, necessary to produce detectable peaks is
expected to be half of what was necessary for the autocorrelation.
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3.3.2 With Different Initial Fills

The properties of the cross-correlation of the augmented
code with a test code made up of the original code concatenated
with an arbitrary segment XZ having the same length as the
augmentation but a different initial fill is particularly
interesting. Figures 9 and 10 and Table 4 describe the peak
formation process. Two trains of correlation peaks are formed
and their relative amplitude depends on the location of the
starting point of the test code relative to the starting point of
the augmented code.

TABLE 4: Parameters of the Peak Formation Process of
Figures 9 and 10 with P=6, p=2, D=5 and d=l

Peak Number beginning of duration end of formation
formation on the
detector

1 0 d=l d=l

2 (P+p)/2=4 d=l (P+p+2d)/2=5

3 P+p=8 d=l P+p+d=9

4 3(P+p)/2=12 d=1 (3P+3p+2d)/2=13

5 (p+2d)/2=2 D=5 (p+2d+2D)/2=7

6 (2p+P+2d)/2=6 D=5 (2p+P+2d+2D)=ll

7 (3p+2P+2d)/2=10 D=5 (3p+2P_2d+2D)/2=15

8 (3p+2P+2d)/2=i0 D=5 (3p+2P+2d+2D)/2=15

9 (4p+3P=2d)/2=14 D=5 (4p+3P+2d+2D)/2=19

10 (5p+4P+2d)/2=18 D=5 (5p+4P+2d+2D)/2=23

Two trains are formed because the different initial fills
for the augmented code and the test code means the segments AX
and XB of the test code are no longer contiguous as is the case
when they have the same initial fill. The shift between the two
trains of peaks is proportional to the size of the augmentation
segment. In Figure 9, the short train of peaks is formed by the
autocorrelation of the segment AX of both the augmented code and
the test code. The tall trains of peaks formed by the
cross-correlation of the segment XB of the augmented code is
shifted because of the presence of the arbitrary segment XZ
between the segments AX and XB of the test code.
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The integration time has to be adjusted for the worst
case that occurs when the starting point X of the test code is
very close to the starting point of the original code AB. Two
peak trains are formed and one of the trains contains tall peaks
and the other contains very small peaks. The integration time
associated with the S/N of the augmented code has to be adjusted
to allow, if possible, the detection of the small peaks.

3.4 Determination of the Characteristics of the Augmentation

The previous analysis suggests a few specific methods to
extract information from the correlograms produced by augmented
codes.

3.4.1 Length of the Augmentation Segment

Three different methods are possible to evaluate the
length of the augmentation segment. Using the first method, it
is possible to determine the length of the augmentation segment
from the period of the peak pattern of the autocorrelation if the
signal does not contain data. The integration time should be
long enough to produce sufficient gain to detect the correlation
peaks and to establish the period of the peak train. The period
of the peak trains can be used to calculate the discrepancies
between the expected length of the maximum-length code and the
observed period. If data is present, it is difficult to draw
information from the autocorrelation of the code about the
presence or absence of augmentation or about the length of the
modification because most of the elements of the trains of peaks
are destroyed by the data. The same statement applies to the
correlation of a modified code carrying data with the original
code or with a test code that does not carry data.

The length of the augmentation segment can also be
determined, using the second method, by measuring the shift
between the peak trains produced by the cross-correlation of the
augmented code with the original code. An integration time of at
least three times the duration of the original code allows the
formation of two successive maximum height peaks from two
successive interleaved trains. However, each peak will benefit
from an integration time of only P and it may not be sufficient
to allow the detection of the peak pattern if too much noise is
present.

Using the third method, superimposed peak trains can be
obtained in forming a test code by adding random bits to the
original code. Using the same number of bits as the augmentation
segment removes the drift between the trains and allows longer
integration times and a correspondingly increased gain. If the
test code has the same initial fill as the augmented code, the
peak pattern is identical to the autocorrelation case except that
the peaks are easier to detect because the test code does not
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contain any noise. If the test code does not have the same
initial fill as the augmented code, two peak trains are formed.
The relative height of the two trains depends on the starting
point of the code and the worst case, from a peak detection point
of view, occurs when the starting point X of the test code is
very close to the starting point of the original code AB. Two
peak trains are formed, one containing tall peaks and the other
containing very small peaks. The integration time associated
with the S/N of the augmented code has to be adjusted to allow,
if possible, the detection of the small peaks.

3.4.2 Initial Fill Determination

If the S/N of the augmented code is very good, the
cross-correlation of the augmented code with a test code could
allow the determination of the initial fill. The procedure to
follow is to successively try all possible initial fills. When
the right fill is found, only one peak train is present in the
correlation pattern.

4.0 FIRST TYPE OF CODE TRUNCATION

Code truncation can be performed in two different ways.
The first method is illustrated in Figure lla. A code AB with
period P is truncated at a point X defining a segment AX of
duration D and a segment XB of duration d. The segment XB is
removed and a truncated code of period D is formed.

In the second method (see Figure 11b), the signal
contains a full period AB of the code followed by a partial
repeat AX of the code AB. The period of the resulting sequence
ABX is P+D.

4.1 Autocorrelation

Let us consider the autocorrelation of the first type of
truncated code. The autocorrelation (see Figures 12 and 13 and
Table 5) of the code produces aligned peak trains with a period
of D/2, the duration of the truncated code divided by two. All
the peaks have the same amplitude and accumulate energy
continuously.

Figure 13 illustrates the chronology of the peak
formation and it can be observed that the peaks grow
continuously. In order to obtain enough gain to allow the
determination of the period of the peaks for the S/N of the
truncated code, the integration time should be sufficient to
allow the detection of the peaks of the trains. The results of
the analysis presented in Section 3.1.2 on the effect of the
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TABLE 5 Parameters of the Peak Formation Process of
Figures 12 and 13 with P=6, D=4 and d=2

Peak Number beginning of duration end of formation
formation on
the detector

1 0 D=4 D=4

2 D/2=2 D=4 3D/2=6

3 D=4 D=4 2D=8

4 3D/2=6 D=4 5D/2=10

5 2D=8 D=4 3D=12

6 5D/2=10 D=4 7D/2=14

presence of data also apply to this case. Consequently, the
autocorrelation will give useful results only when there is no
data on the signal or if an integration time shorter than the
data length dividec- ty two can be used to produce enough gain to
detect the peaks.

4.2 Cross-Carrelation with the Original Code

The structure of the peaks trains produced by the
cross-correlation of a code having the first type of truncation
with the original code is characterized by shifted peak trains of
equal height having a period D/2 equal to the duration of the
truncated code D divided by two. The size of the shift between
the trains is equal to the length of the truncated segment
divided by two.

4.2.1 With the same initial fill

The peak trains produced by the cross-correlation of the
truncated code with the original code, when both have the same
initial fill, are illustrated in Figures 14 and 15. Row III
contains the peak train formed by the cross-correlation of the
segment S1 of row II with the segments SI', S2 ', S3 ' and S4' of row
I (see Table 6). The build-up time of each peak is D and the
period of the peak train is d/2. Row IV contains the peak train
formed by the cross-correlation of the segment S2 of row II with
the segments Si', S2', S3' and S4 'of row I. The build-up time and
the period of the peak train are identical to the peak train of
row III. The only difference is that the peak train of row IV is
shifted by an amount d/2 relative to the peak train of row III;
this is equal to the length of truncation of the original code
divided by two. Similar comments apply to the peak train of row
V.
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TABLE 6: Parameters of the Peak Formation Process of
Figures 14 and 15 with P=8, D=6 and d=2

Peak Number beginning of duration end of formation
formation on the
detector

1 0 D=6 D=6

2 D/2=3 D=6 3D/2=9

3 D=6 D=6 2D=12

4 (2D+d)/2=7 D=6 (4D+d)/2=13

5 (3D+d)/2=10 D=6 (5D+d)/2=16

6 (4D+d)/2=13 D=6 (6D+d)/2=19

7 (5D+2d)/2=17 D=6 (7D+2d)/2=23

8 (6D+2d)/2=20 D=6 (8D+2d)/2=26

9 (7D+2d)/2=23 D=6 (9D+2d)/2=29

The chronology of the events (see Table 6) occurring in
the time-delay window of width P, whose limits are indicated by
two vertical lines in Figure 14, is illustrated in Figure 15.
The peak train of row III is first built, then it is followed by
the peak trains of row IV and V. As time goes by, the
interleaving of new peak trains complicates the situation but,
after a certain time, a regular pattern of peaks tends to form.
They are separated by a distance d/2 where d is the duration of
the segment that was removed from the original code. All of the
peaks have the same build-up time and eventually reach the same
height if the integration time is sufficiently long. An
intec ration time of at least T1=(5D+d)/2 is required to produce
two successive peaks from two successive shifted trains. As the
peak formation process is not synchronized with the detector
integration periods, increasing the integration time to (7D+d)/2
allows the formation of the four peaks of interest with maximum
height.

4.2.2 With Different Initial Fills

The structure of the train of peaks produced by the
cross-correlation of the truncated code with the original code
when they have different initial fills is much siwLler than for
the augmented case (see section 3.2.1). The reason for that
difference is that, for the case of the truncation, there are no
extra bits to generate a break in the correlation process. The
peaks that are generated by a long integration time are the
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result of interleaving shifted trains of peaks that have the same
period and the same build-up time. No train of short peaks
appears. It is interesting to compare this situation with the
augmented code where the augmentation segment causes an
interruption in the peak formation because it does not correlate
with any part of the original code. As the augmentation segment
can be placed anywhere in the original code, the interruption
generated by the augmentation segment produces trains of short
and tall peaks (see Figure 8).

In the particular example illustrated in Figure 16, the
peaks of row III are first generated (see Table 7), followed by
the peaks of row IV that form a shifted peak train. The peaks
have a build-up duration of p=6 and a period of p/2 where p is
the length of the truncated code. It is possible to calculate
the length of the truncation by measuring the size of the shift
between different peak trains or the period of the peak trains.
As in the previous case with the same initial fill, an
integration time of (8p+d+D)/2 is required to produce two
successive full height peaks from two successive shifted peak
trains. However, peak detection will be possible only if the
build-up time p=6 of each peak is sufficient to produce a
detectable peak considering the S/N of the truncated code.

4.3 Cross-Correlation with a Test Code

4.3.1 With the Same Initial Fill

Let us define the test code associated with a truncated
code of the first type as the code made up of the original code
truncated to have the same length as the truncated code. The
cross-correlation of the truncated code with a test code having
the same length as the truncated code produces unshifted, equal
height peak trains and it is then possible to use a longer
integration time to extract correlation peaks from noisy input
signals.

If the initial fills of the truncated and of the test
code are the same, the test code and the truncated code are
identical, except for their S/N. Similarly, the train of peaks
that is formed is the same as for the autocorrelation case except
that the peaks are easier to detect because the test code does
not contain any noise. The integration time Ti necessary to
produce detectable peaks is expected to be half of that required
for the autocorrelation for a given S/N of the augmented code.
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TABLE 7: Parameters of the Peak Formation Process of
Figures 16 and 17 with P=9, p=6, D=2 and d=l

Peak Number beginning of duration end of formation
formation on the
detector

1 0 p=6 p=6

2 p/2=3 p=6 3p/2=9

3 p=6 p=6 2p=12

4 (3p/2)=97 p=6 5p/2=1r

5 (3p+d+D)/2=10.5 p=6 (5p+d+D)/2=16.5

6 (4p+d+D)/2=13.5 p=6 (6p+d+D)/2=19.5

7 (5p+d+D)/2=16.5 p=6 (7p+d+D)/2=22.5

4.3.2 With Different Initial Fills

Figures 18 and 19 illustrate respectively the peak
formation process and the chronology of the events (see Table 8)
when the two codes have different initial fills. The key feature
of the peak patterns is that all the peaks have the same height.
However, the peaks do not accumulate energy all the time.
Periods of growth are followed by periods where no energy
accumulates in the peak.

Row III of Figure 18 illustrates the formation of the
first train of peaks. Peak #1 starts formation at t=-(p+P)=-5
and ends it at t=-p=-l. It does not contribute to the energy
accumulated at that location because the integration starts at
t=O. Peak #1 has been included for the sake of completeness.
Peaks #2 and #3 also belong to the same train whose period is
(P+p)/2, the length of the truncated code divided by two. The
next two peak trains illustrated in rows IV and V, respectively,
are aligned and have the same period. The alignment of the
trains produces an accumulation of energy at a few specific
locations. Examining the chronology of the accumulation of
energy in the middle of the time-delay window where peaks #2, #5
and #6 are produced (see Figure 19 and Table 8), it is seen that
peak #2 starts and terminates its formation at t=-(P+p)/2=-2.5
and t=(P-p)/2=l.5. The detector collects only the energy
produced after t=0. There is then an interval t=p long during
which no energy accumulates on the detector followed by the
formation of peak #5. Another interval with no energy
accumulation follows and finally peak #8 adds its contribution to
the energy already accumulated at that location.
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TABLE 8: Parameters of the Peak Formation Process of
Figures 18 and 19 with P=4 and p=1

Peak Number beginning of duration end of formation
formation on the
detector

1 -(p+P)=-5 p=4 -p=-_

2 - (p+P)/2=-2.5 p=4 (-p+P)/2=1.5

3 0 p=4 P=4

4 0 p=4 P=4

5 (p+P)/2=2.5 p=4 (p+3P)/2=6.5

6 3(p+P)/2=5 p=4 (3p+5P)/2=9

7 p+P=5 p=4 p+2P=9

8 3 (p+P)/2=7.5 p=4 (3p+5P)/2=ll.5

9 2(p+P)=10 p=4 2p+3P=14

The amount of time when there is growth depends on the
length of the truncation and on where the initial fill of the
test code occurs relative to the beginning of the truncated code.
The integration time has to be adjusted accordingly. An extreme
case would be the cross-correlation of a modified code with 50%
truncation with a test code whose initial fill is such that the
wrong half of the code is used to perform the cross-correlation.
No correlation peak would result.

4.4 Determination of the Characteristics of the Truncation

The previous analysis provides tools to extract
information about the truncation from the characteristics of the
peak patterns generated by the autocorrelation of the truncated
code and by the cross-correlation between the truncated code and
the original code or a test code.

4.4.1 Length of the Truncated Segment

Three different methods are possible to evaluate the
length of a truncated code. Using the first method, the
autocorrelation allows the evaluation of the period of the peak
train and consequently, the length of the truncation if there is
no data. The integration time T, should be set to a value that
produces enough gain to allow the detection of two successive
peaks. When data is present, the build-up of multiple peaks is
possible if the integration time necessary to produce trains of
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detectable peaks is shorter than half the data duration; in this
case the integration interval does not usually contain a data
transition. However, when longer integration times are required,
the presence of data destroys the peak pattern and no information
can be obtained with that technique.

It is also possible to evaluate the amount of truncation
from the shift between the different trains of peaks in the
cross-correlation of the truncated signal with the original code.
The peak formation process is not synchronized with the detector
integration period, so it is necessary to increase the
integration time to allow the formation of the peaks of interest
with maximum height. In that case, the integration time should
be at least four times the code duration to allow the formation
of two peaks from two successive trains.

If it is desired to have access to larger integration
times and better gains, it is necessary to remove the shift
between the various peak trains. It can be done by performing the
cross-correlation with a test code having the same length as the
truncated code. If the number of chips truncated from the test
code is the same as for the truncated code, the drifting of the
peak pattern associated with the successive trains of peaks
disappears. However, a difficulty may appear because energy does
not accumulate all the time. The periods of growth are followed
by periods where no energy accumulates in the peak. The amount
of time when there is growth depends on the length of the
truncation and on where the initial fill of the test code occurs
relative to the beginning of the truncated code. The integration
time has to be adjusted accordingly. An extreme case would be
the cross-correlation of a modified code with 50% truncation with
a test code whose initial fill is such that the wrong half is
used to perform the cross-correlation. No correlation would
result.

4.4.2 Initial Fill Determination.

If the S/N is very good, it is possible to find the
initial fill of the truncated code and subsequently, which chips
have been removed, by the following procedure.

It is assumed that the length of the truncation is known
and that the truncation is at the end of the code. The procedure
consists of trying, one after the other, all possible initial
fills, thus generating all the corresponding test codes. For
each test code, a cross-correlation is performed with the
truncated code. The same segment of the truncated code has to be
used for all trials and the integration time should be p, the
duration of the truncated code. The tallest correlation peak is
associated with the correct initial fill because in that case all
the chips of the test code contribute to the peak. If the
initial fill is wrong, the test code will not start at the right
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location, a few chips of the test code will not be identical to
the given truncated code and a smaller peak will be observed.
This is generally useful only if the S/N is very good.

5.0 SECOND TYPE OF CODE TRUNCATION

The second type of code truncation consists of signals
that contain a full period of the original code AB followed by a
partial repetition AX of the original code (see Figure llb and
Figure 20). For the purpose of analysis, the period of the
original signal AB is defined as P, the code AB is divided into
two segments AX and XB of durations D and d respectively and the
truncated code has a period of P+D.

The patterns produced by the autocorrelation and the
cross-correlation with the original code or a test code are more
complex than those of the augmented or the truncated cases
studied in the previous sections. The reason for the increased
complexity is that the segment AX appears twice in the truncated
code and generates supplementary correlation peaks both in the
autocorrelation and in the cross-correlation with the original
code or with a test code.

5.1 Autocorrelation

Three types of peak trains (see Figure 20) can be
observed in the autocorrelation of the truncated code. One of.
the peak trains contains tall peaks, the two other peak trains
are made up of smaller peaks. They have the same period, but are
shifted relative to one another.

The peaks of row III, IV and V illustrate the first type
of peak train. They are similar in origin and properties as the
other autocorrelation peaks studied earlier in this document.
The period of the trains, (P+D)/2, is determined by the length of
the truncated code divided by two. The build-up time of the
peaks is P+D, the duration of the truncated code.

Let us examine, for rows III, IV and V, the chronology of
events (see Figure 21 and Table 9) within the time-delay window
of width P+D indicated by vertical lines on Figures 20 and 21.
Peak #1 starts formation at t=-(P+D)=-l0 and terminates formation
at t=0 so it does not contribute to the energy accumulated by the
detector for the integration period starting at t=0. It has been
illustrated only for the sake of completeness because it is at
the same location as peak #4 and #7. The formation of peak #4
starts at t=0 when the formation of peak #1 ends, and finishes at
t=P+D=l0. The formation of peak #7 that is located at the same
location than peak #1 and #4, begins at t=P+D=l0, when the
formation of peak #4 ends. So there is a continuous accumulation
of energy at the corresponding location in the time-delay window.
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Figure 21: Chronology of peak formation for the
autocorrelation of a code with a truncation of
the second type with the original code, with no
data, for P-6, D-4 and d-2.
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A similar phenomenon can be observed at two other locations, for
peaks #2, #5 and #8 and for peaks #3, #6 and #9 where there is
accumulation of energy without interruption during the
integration period.

The second and third types of peaks are illustrated
respectively in rows VI, VII, VIII and in rows IX, X and XI of
Figure 20. In order to avoid confusion, the number for the
second type of peak train in rows VI, VII and VIII have a "' and
the third type of peak train in rows IX, X and XI have a """
They are supplementary short peaks generated by the
autocorrelation of segments AX and they are unique to the second
type of truncation. Their build-up time is the duration D=4 of
the AX segment so their height is smaller than the ordinary
autocorrelation peak whose height is propcrtional to P+D=l0;
however, the period of these peak trains is (P+D)/2=5.5, the same
as for the tall train of peaks. These peaks accumulate energy
during only a fraction of the integration time.

Let us look at the sequence of events taking place in
the time-delay window indicated on Figures 20 and 21 for the
second type of peaks. Peak #1' begins and terminates its
formation at t=-D/2=-2 and t=D/2=2, respectively. It contributes
energy to the integration interval from t=O to t=D/2=2. Peak #3'
is at the same location as peak #1' and begins formation at
t=(2P+D)/2=8 and ends at t=(2P+3D)/2=12. Peak #5' is also at the
same location as peaks #1' and #3' and starts formation at
t=(4P+3D)/2=18 and ends at t=(4P+5D)/2=22. Periods of growth of
duration D alternate with periods of height stability of duration
P. A similar process takes place for the formation of the third
type of peak trains of rows IX, X and XI. The second and third
trains of peaks are shifted respectively by a distance D/2 and
P/2 from the train of tall peaks thus giving an indication of the
structure of the truncated code. However, it is not possible to
monitor this process. The only access to the data comes from the
read-out of the detector array that gives the results of the
energy integration that has taken place during the integration
time T prior to the read-out.

The presence of the short and tall trains of peak has to
be established in order to produce the warning of the presence of
the second type of truncation and the integration time has to be
adjusted to produce a gain that is sufficient to allow the
detection of the three types of peaks given the S/N of the input
signal. Failure to detect the presence of the trains of short
peaks could lead to erroneous evaluations of the length of the
original code and of the type of truncation.
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TABLE 9: Parameters of the Peak Formation Process of
Figures 20 and 21 with P=6, D=4 and d=2

Peak Number beginning of duration end of formation
formation on the
detector

1 -(P+D)=-10 P+D=10 0

2 - (P+D)/ 2=-5 P-ID=10 (P+D)/ 2=5

3 0 P+D=-10 P+D=1O

4 0 P+D=1O P+D=-10

5 _(P+ýD /2=5 P+D=10 3(P+D)/2=15

6 P+D=10 P+D=10 2(P+D)=20

7 P+D=10 P+D=10 2(P+D)=20

8 3(P+D)/2=15 P+D=10 5(P+D)/2=25

9 2(P+D)=20 P+D=10 3(P+D)=30

1' -D/ 2=-2 D=4 D/2=2

21 P 2=3 D=4 (2D+P)/2=7

3' (2P+D)/2=8 D=4 (2P+3D)/2=12

4' (3P+2D)/2=13 D=4 (3P+4D)/2=17

5' (4P+3D)/2=18 D=4 (4P+5D)/2=22

6' (5P+4D)/2=23 D=4 (5P+6D)/2=27

1"1 -(P+2D) /2=-7 D=4 (P+4D)/2=-3

2"1 -D/2=-2 D=4 D/2=2

3"1 P/2=3 D=4 (P+2D)/2=7

4"1 (2P+D)/2=8 D=4 (2P+3D)/2=12

5"1 (3P+2D)/2=13 D=4 (3 P+4 D) /2=17

6"1 (4P+3D) /2=18 D=4 (4P+5D) /2=22
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5.2 Cross-Correlation with the Original Code

The peak patterns generated by the cross-correlation of
the truncated code with the original code are quite complex. The
problem is that there is no longer any alignment of the different
peak trains as was the case for th "e autocorrelation. All of the
peak trains are shifted relative to each another. However,
information is contained in the shifts of the different peak
trains and it can be used to characterize the truncated code if
the S/N of the truncated code is sufficient.

5.2.1 With the Same Initial Fill

When a truncated code and an original code having the
same initial fill are cross-correlated, two types of peak trains
with the same amplitude are formed. However, the successive peak
trains of the same type do not overlap and their interleaving
produces complex peak patterns.

The formation of the first type of peak trains is
illustrated in row III, row IV and row V of Figure 22. Although
successive trains have the same period P and the same build-up
time P+D, they are shifted by a quantity d/2 that corresponds to
the amount missing from the second repetition of the original
code in the truncated code (see Table 10).

The second type of peak train is illustrated in rows VI,
VII and VIII of Figure 22. The peak numbers have a "I" to avoid
confusion with the first type of train. They belong to different
peak trains that do not overlap. The period of the peak trains
is (P+p)/2 and their peak build-up time is P+D. The shift
between the train of peaks is also d/2 as for the tall peaks of
rows III, IV and V.

The integration time T1 required to reveal the structure
of the truncated code should allow the build-up of two
full-height peaks from two consecutive peak trains for each type
of peak train, so T1> 2.5 (P+D) .

In order to ensure that the integration time Ti is large
enough to allow the peaks to reach maximum amplitude, another
factor P+D must be added to take into account the unknown
synchronization between the integration period and the peak
build-up process. So Ti>(7P+5D+d)/2 should be used. However,
the build-up time of the short peaks is only P+D=7 and it will be
possible to detect the presence of these peaks only if this
integration time produces enough gain to allow the detection of
the peaks considering the S/N of the truncated code.
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Figure 22: Cross-correlation of a code with a truncation
of the second type with the original code,
with no data, for P=4, D-3 and d-1. Both
the truncated code and the original code
have the same initial fill.
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Figure 22: Cross-correlation of a code with a truncation
(cont'd) of the second type with the original code,
(cont'd) with no data, for P-4, D=3 and d=1. Both

the truncated code and the original code
have the same initial fill.
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TABLE 10: Parameters of the Peak Formation Process of
Figures 22 and 23 with P=-4, D=3 and d=l

Peak Number beginning of duration end of
formation on the formation
detector

1 0 P+D=7 P+D=7

2 (P+D)/2=3.5 P+D=7 3 (P+D)/2=10.5

3 P+D=7 P+D=7 2(P+D)=14

4 (3P+3D+d)/2=11 P+D=7 (5P+5D+d)/2=18

5 (4P+4D+d)/2=14.5 P+D=7 (6P+6D+d)/2=21.5

6 (5P+5D+2d)/2=18.5 P+D=7 (7P+7D+2d)/2=25.5

7 (6P+6D 2d)/2=22 P+D=7 (8P+8D+2d)/2=29

1' -P/2=-2 P+D=7 (P+2D)/2=5

2' D/2=1.5 P+D=7 (2P+3D)/2=8.5

3' (2P+D)/2=5.5 P+D=7 (4P+3D)/2=12.5

4' (3P+2D)/2=9 P+D=7 (5P+4D)/2=16

5' (3P+4D+2d)/2=13 P+D=7 (5P+6D+2d)/2=20

6' (4P+5D+2d))/2=16.5 P+D=7 (6P+7D+2d)/2=23.5

5.2.2 With Different Initial Fills

The truncated and the original code are illustrated in
the top-left part of Figure 24. The original code starts at A and
ends at B. The starting point of the truncated code is
designated by the letter V and the letter Y designates the end of
the truncated code. The location of points V and Y is also
indicated on the original code.

The cross-correlation of a truncated code of the second
type with the original code, when they have different initial
fills (see Figures 24 and 25 and Table 11) produces trains of
tall and short peaks that are shifted relative to one another.
Information is contained in the presence of the trains of short
peaks and in the shifts of the different peak trains and it can
be used to characterize the truncated signal if the S/N is good
enough. Three types of peak trains are produced.
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Figure 24: Cross-correlation of a code with a truncation
of the second type with the original code,
with no data, for P-8, D-5, p-6, d-2 and k-1.
Both the truncated code and the original code
have different initial fills.
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Figure 24: Cross-correlation of a code with a truncation
(cont'd) of the second type with the original code,

with no data, for P-8, D-5, p-6, d-2 and k-1.
Both the truncated code and the original code
have different initial fills.
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TABLE 11: Parameters of the Peak Formation Process of
Figures 24 and 25 with P=8, D=5, p=6, d=2 and k=1

Peak Number beginning of duration end of
formation on the formation
detector

1 0 P+D=13 (P+D)/2=13

2 (P+D)/2=6.5 P+D=13 3 (P+D)/2=18.5

3 (4P+2D)/2=21 P+D=13 (6P+4D)/2=34

4 (5P+3D)/2=27.5 P+D=13 (7P+5D)/2=40.5

1, (2P+D)/2=10.5 P+D=13 (4P+3D)/2=23.5

2, (3P+2D)/2=17 P+D=13 (5P+4D)/2=30

3' (5P+2D)/2=25 P+D=13 (7P+4D)/2=38

4' (6P+3D)/2=31.5 D=5 (8P+5D)/2=44.5

1" P/2=4 D=5 (P+2D)/2=9

2" (2P+D)/2=10.5 D=5 (2P+3D)/2=15.5

3" (4P+D)/2=18.5 D=5 (4P+3D)/2=23.5

4" (5P+2D)/2=25 D=5 (5P+4D)/2=30

The formation of the first type of peak train is
illustrated in rows III and IV of Figure 24. Although the trains
have the same period (P+D)/2 and the same build-up time P+D, they
are shifted by a quantity (k+d)/2 that corresponds to the amount
missing from the second repetition of the original code (see
Table 11).

The second type of peak train is illustrated in rows V
and VI of Figure 24. The peak numbers have a "I" to avoid
confusion with the first type of peak train. They belong to
different peak trains that do not overlap. The period of the
peak trains is (P+D)/2 and their build-up time is P+D. The shift
between the train of peaks is also (k+d)/2 as for the tall peaks
of rows III and IV. Peak #1' is first formed (see Figure 24) but
peak #3' is not located in the same position as peak #1'; it
belongs to another shifted train of peaks. Similarly, peak #4'
is also shifted by (k+d)/2 from the location of peak #2'.

The third type of peak train is illustrated in rows VII
and VIII of Figure 24. These peaks have a build-up time of D and
are consequently lower than the peaks of the first and second
type of train just discussed. These types of peak train are
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characterized by alternating intervals of peak growth and
constant height. The period of the peak trains is P and the
shift between the trains of peaks is also (k+d)/2 as for the tall
peaks of rows III, IV, V and VI.

Peak #1" is the first one being formed. After an
interval when no energy is contributed to any of the peaks of the
third type of train, the peak #2" is formed followed by a period
when no energy accumulates in any of the peaks.

The integration time Tj required to reveal the structure
of the truncated code should allow the build-up of two
consecutive peak trains containing two consecutive peaks for the
three types of peak trains; hence, it is required that
T1 >(5P+4D)/2. In order for the integration time T, to be large
enough to allow the peaks to reach maximum amplitude, another
factor P+D has to be added to take into account the unknown
synchronization between the integration period and the peak
build-up process; so T, should be greater than (7P+6D)/2.

However, the build-up time of the short peaks is only D=7
and it will be possible to detect the presence of these peaks
only if this integration time produces enough gain to allow the
detection of the peaks considering the S/N of the truncated code.

5.3 Cross-Correlation with a Test Code

Let us define the test code associated with a truncated
code of the second type as the code formed by the concatenation
of the original code with a truncated repetition of itself. The
repetition is truncated in such a way as to produce a test code
of the same length as the truncated code of the second type.

5.3.1 With the Same Initial Fill

The cross-correlation of the truncated code with a test
code of the same length that has the same initial fill produces
the same peak patterns as the autocorrelation described in
Section 5.1. However, the peaks are easier to detect because the
test code does not contain any noise and the integration time
required to produce enough gain to overcome the noise should be
reduced by a factor of two from what is required for the
autocorrelation case.

5.3.2 With Different Initial Fills

A truncated code and a test code with different initial
fills are illustrated in Figure 26. The original code starts at
point A and ends at point B. The truncated code contains a full
period AB of the original code concatenated to a partial
repetition AX of the original code. The test code has the same
length as the truncated code but starts at point V and ends at
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point Y. All the starting or ending points of either the
truncated or the test code are indicated on the three codes
illustrated.

When the truncated code and the test code have different
initial fills, shifted trains of peaks of different height are
formed and the growth patterns become more complicated. Three
types of trains containing peaks of different height are
observed.

Rows III and IV illustrate the formation of the first
train of peaks. Peak #1 starts formation at t=d/2=l and
continues to accumulate energy until t=(2P+2p+d)=12. An interval
of length d=2 without peak growth follows and later peak #3 adds
another contribution to the peak.

The formation of the second peak train is illustrated in
rows V and VI. These peaks are designated by numbers accompanied
by "'". This peak train contains medium height peaks originating
from the interaction of short segments of the codes being
cross-correlated. The contribution illustrated in row VI for
peak #1' has a duration of t=P-k=7 and is followed by a second
contribution from peak #3' after an interval during which no
energy is contributed to the peak. The total energy contributed
to the peak is proportional to P-k. The process just described
repeats for peaks #2' and 4'. This peak train is shifted by
(p+d)/2 from the train of tall peaks.

The third type of peak train is illustrated in rows VII
and VIII of Figure 26 and the peaks are designated by numbers
with a """. It is a train of short peaks whose formation time is
proportional to the duration of the segment of length p. This
peak train is shifted by a distance P/2 from the train of tall
peaks.

The integration time Ti required to reveal the structure
of the truncated code should allow the build-up of two
full-height peaks from two consecutive trains for each type of
peak train, from the beginning of the formation of peak #1 to the
end of formation of peak #4", Ti>(5P+5d+6p-d)/2.

In order to ensure that the integration time Ti is large
enough to allow the peaks to reach maximum amplitude, another
factor P+D has to be added to take into account the unknown
synchronization between the integration period and the peak
build-up process. So Ti>(7P+7d+6p-d)/2 should be used. However,
the build-up time of the short peaks is only p=3 and it will be
possible to detect the presence of these peaks only if this
integration time produces enough gain to allow the detection of
the peak considering the S/N of the truncated code.
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Figure 26: Cross-correlation of a code with a truncation
of the second type with a test code, with no
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Figure 27: Chronology of peak formation for the cross-
correlation of a code with a truncation of
the second type with the original code, with
no data, for P=8, D=3, p=3, d=2 and k-1. The
truncated code and the original code have
different initial fills.

- 59 -



1+3
2+4

1.3 A2

t (3P+3p4d) 20 .5  i" i22 11 A "
1+3

2+4

"2 A"
1+3 2+4

"\ "+S3  44

t (4P+k.5d+6p) 29 f"T 2"442 '+3 .• A24

1+3 2+4

9P4d-4D 2"I""Sme 2 -31 -I A
1+3 2+4

t 3423 • I|

time-dela window 2P - D

Figure 27: Chronology of peak formation for the cross-
(cont'd) correlation of a code with a trincation of

the second type with the origi.nAl code, with
no data, for P=S, D-3, p=3, d-2 and k-1. The
truncated code and the original code have
different initial fills.
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TABLE 12: Parameters of the Peak Formation Process of
Figures 26 and 27 with P=8, p=3, D=3, d=2 and k=1

Peak beginning of duration end of formation
Number formation on the

detector

1 d/2=l P+p=11 (d+2p+2p)/2=12

2 (P+p+2d)/2=7.5 P+p=11 (3P+3p+2d)/2=l8.5

3 (2P+2p+3d)/2=14 P+p=ll (4P+4p+3d)/2=25

4 3P+3p+4d)/2=20.5 P+p=l1 (5P+5p+4d)/2=31.5

1' (P+k+2d+2p)/2=9.5 P-k=7 (3P-k+2d+2p)/2=16.5

2' (2P+k+3d+3p)/2=16 P-k=7 (4P-k+3d+3p)/2=23

3' (3P+k+4d+4p)/2=22.5 P-k=7 (5P-k+4d+4p)/2=29.5

4' (4P+k+5d+5p)/2=29 P-k=7 (6P-k+5d+5p)/2=36

11 (2P+2d+p)/2=11.5 p=3 (2P+2d+3p)/2=14.5

2" (3P+3d+2p)/2=18 p=3 (3P+3d+4p)/2=21

3" (4P+4d+3p)/2=24.5 p=3 (4P+4d+5d)/2=27.5

14" (5P+5d+4p)/2=31 p=3 (5P+5d+6p)/2=34

5.4 Determination of the Characteristics of the Truncation

The peak pattern resulting from the interleaving of
shifted trains of peaks has a complex structure that contains
information about the amount of truncation and the fact that the
second repetition of the initial code has been truncated. The
previous analysis provides tools to extract some information
about the characteristics of the truncated code.

5.4.1 Length of the Truncated Segment.

Three different methods are possible to evaluate the
length of the truncated segment. Using the first method, the
length of the truncation and the nature of the truncation are
determined from the autocorrelation. The period of the tall and
short peaks contains the information about the modified code
length. The presence of the short peaks indicates that the
second type of truncation was used. A failure to recognize that
feature could easily lead to a wrong evaluation of the length of
the code. If such a mistake were made, the truncated code of a
second type will be mistaken for a truncated code of the first
type with approximately twice the total length. It is then

- 61 -



important to adjust the integration time to obtain a gain
sufficient to identify the presence of the short and tall peaks.
The integration time is determined by the S/N of the signal to be
processed.

The second method extracts information from the peak
pattern generated by the cross-correlation of the truncated code
with the original code. The information about the length of the
truncation is contained in the shift between the different trains
of peaks. The integration time Ti should be long enough to allow
the formation of two peaks from two successive peak trains. A
full period P+D of the truncated code should be added to the
integration time to account for the fact that the synchronization
between the peak formation process and the start of the
integration period is unknown. A total integration time of
4(P+D) is sufficient. However, the build-up time of the shortest
peaks is only p=3 and it will be possible to detect the presence
of these peaks only if this integration time produces enough gain
to allow the detection of the peak considering the S/N of the
truncated code.

Both features, the size of the shift between peak trains
and the presence of the short peak trains in the autocorrelation,
have to be identified and measured in order to draw correct
conclusions about the type of modified code that is processed.
It is indeed very easy to mistake a code with the second type of
truncation for a code with the first type of truncation with
twice the length, if presence of the short peak trains is not
recognized.

If it is desired to remove the shift between the various
peak trains in order to have access to larger integration times
and larger gains, it is necessary to perform the cross-
correlation with a test code having a truncation on the second
repetition. If the amount of truncation is correct, the drifting
of the peak pattern associated with the successive trains of
peaks will disappear and peak patterns identical to those formed
by the autocorrelation will appear. The integration time that
will allow the detection of the peak is half the time required
for the autocorrelation because the test code is noiseless.

5.4.2 Initial Fill Determination

If the S/N is very good, it is conceptually possible to
determine the initial fill and consequently, which chips have
been removed from the second repetition of the code, by applying
a procedure that is similar to the method described in Section
4.3.2.
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The procedure consists of successively trying all
possible initial fills, thus generating all the corresponding
test codes. It is assumed at this point that the length of the
truncation has been determined and that the truncation is at the
end of the second repetition of the code. For each test code,
the correlation is performed with the truncated code. The same
segment of the truncated code has to be used for all trials and
the integration time should be P+D, the duration of the truncated
code. When the correct fill is used, a typical autocorrelation
pattern containing a train of tall peaks and a train of short
peaks is produced (see Figure 20) and the tallest correlation
peaks are associated with the use of the correct fill since the
chips of the test code contribute to the peak. If the initial
fill is wrong, the test code will not start at the correct
location; thus, a few chips of the test code will not be
identical to the given code and smaller peaks will be observed.
A third train of peaks will appear.

6.0 CONCLUSION

The characteristics of the output of a TIC processing
truncated or augmented codes were studied. It was demonstrated
that complex peak patterns are generated and that they contain
information about the modification to the code and that it is
possible to retrieve some of that information by applying
specific processing methods. The four processing methods that
were developed can be summarized as follows:

6.1 First Method: Autocorrelation of the Modified Code

6.1.1 No Data

The autocorrelation of the modified code produces
periodic peak patterns whose period is proportional to the
duration of the modified code. The integration time should be
adjusted to allow enough gain to recognize the peak patterns and
measure their period.

If the code has a truncation of the second type,
interleaved trains of short and tall peaks are produced and the
gain should be sufficient to allow the measurement of both type
of peaks. A failure to recognize the presence of the train of
short peaks would lead to an error in the evaluation of the
length of the code and in the nature of the truncation. The
integration time has to be sufficient to produce enough gain to
allow the detection of the shortest peaks for the S/N of
truncated code.
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6.1.2 With Data

The autocorrelation produces useful results only if an
integration time of half the data duration is sufficient to
produce enough gain to allow the detection of the trains of
peaks. If the integration time is longer than half the data
duration, periodic peak patterns are not formed and it is not
possible to extract information from the autocorrelation. These
statements are also valid for all cases of augmentation,
truncation and cross-correlation.

6.2 Second Method: Cross-Correlation with the Original Code

The shift between the interleaved trains is equal to the
length of the truncation or augmentation length divided by two.
The total integration time for each peak is equal to the build-up
time of each individual peak as the different peak trains are
shifted relative of each other and the detection of the peaks is
possible only if the S/N of the input signal is sufficiently
good. The integration time has to be adjusted to allow the
formation of two successive peaks from two successive trains.

6.3 Third Method: Cross-Correlation with a Test Code.

If the length of the modified code, either augmented or
trunc3ted, is known, a test code of the same length can be used
to perform the cross-correlation. In that case, the shift
between the successive trains of peaks is removed and it is
possible to integrate as long as necessary to build up the
required gain. It is a processing method particularly well
suited to the processing of codes where the modified segments are
short and represent a small percentage of the number of chips
integrated during an integration period. In that case the loss
of gain associated with the relatively short mismatch between the
modified code and the test code can be neglected and the
integration time can be set to allow peak detection given the S/N
for the input signal. An extreme case is the cross-correlation
of a modified code with 50% truncation with a test code whose
initial fill is such that the wrong half of the code is used to
perform the cross-correlation. No correlation peak results.

The special case of the cross-correlation of an augmented
code with a test code having a different initial fill has to be
mentioned. The energy in the correlation is then distributed
among two peaks and, in the worst case, the two peaks have equal
height. The integration time must be doubled to allow for the
detection of the peaks.
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6.4 Fourth Method: Determination of the Initial Fill

6.4.1 For an Augmented Code

The presence of the double-peak feature is an indication
that the wrong initial fill is used. The correct initial fill
can be determined by the following procedure. It is assumed that
the length of the truncation is known and that the truncation is
at the end of the code. The procedure consists of successively
trying all possible initial fills, thus generating all the
corresponding test codes. For each test code, the correlation is
performed with the truncated code. The same segment of the
modified code has to be used for all trials and the integration
time should be the duration of the truncated code. The tallest
correlation peak is associated with the use of the correct fill
because all of the chips of the test code will then contribute to
the peak.

6.4.2 For a Truncated Code of the First Type

If the S/N is very good, it is conceptually possible to
determine the initial fill and consequently which chips have been
removed from the code, by applying the following procedure; this
is similar to the method described in Section 4.3.2.

The procedure consists of successively trying all
possible initial fills, thus generating all the corresponding
test codes. It is assumed that the length of the truncation is
known and that the truncation is at the end of the code. For each
test code, the correlation is performed with the truncated code.
The same segment of the modified code must be used for all trials
and the integration time should be the total duration of the
truncated code. The tallest correlation peak is associated with
the use of the correct initial fill because in that case all of
the chips of the test code contribute to the peak.

If the initial fill is incorrect, the test code will not
start at the right location; thus, a few chips of the test code
will not be identical to the given code and a smaller peak will
be observed.

6.4.3 For a Truncated Code of the Second Type

The comments of the preceding section also apply to the
determination of the initial fill for a truncated code of the
second type.
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